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ASSAY DEVICE AND METHOD

RELATED APPLICATIONS

This application 1s a divisional of U.S. application Ser. No.
10/584,819 filed Jun. 14, 2007, now U.S. Pat. No. 7,736,390

entitled “Assay Device and Method™, which1s a U.S. National
Stage application of International Patent Application Serial
No. PCT/US2004/0435835, filed Dec. 29, 2004, entitled
“Assay Device and Method”, by Sia, et al., which claims

priority to U.S. Provisional Patent Application Ser. No.
60/533,627, filed Dec. 31, 2003, entitled “Assay Device and

Method™, by Sia, et al., and to U.S. Provisional Patent Appli-
cation Ser. No. 60/539,416, filed Jan. 26, 2004, entitled
“Assay Device and Method”, by Sia, et al., each of which 1s

incorporated herein by reference 1n their entirety.

FEDERALLY SPONSORED RESEARCH

This mvention was sponsored by National Institute of
Health grant GM30367 and National Science Foundation
grant ECS-9729405. The Government has certain rights 1n
the 1nvention.

BACKGROUND OF INVENTION

1. Field of Invention

This invention relates to a method and apparatus for deter-
mimng an analyte and, in particular, to the determination of
an analyte indicating a disease condition.

2. Background of the Invention

An accurate early and ongoing determination of a disease
condition 1s 1mportant for the prevention and treatment of
human and animal diseases. One class of diagnostic tech-
niques uses immunoassay reactions to detect the presence of
either an antigen or an antibody 1n a sample taken from a
subject. These immunoassay methods include, for example,
ELISA, immunochromatographic assays (strip tests, dipstick
assays and lateral flow assays), and sandwich assays. Accu-
racy, reliability, and ease of use of these types of assays has
improved, but often testing requires laboratory conditions,
power supplies, and training that may not be available in some
areas where testing 1s desired.

One type of sandwich assay uses gold-conjugated antibod-
ies to enhance detection. For example, see PCT publication
W0O/91/01003. Enhancement of a gold colloid signal can be
achieved by staining the gold colloids with silver. First, in the
case of HIV, an HIV antigen 1s immobilized onto a solid
polystyrene substrate. A human anti-HIV antibody 1s then
captured by the antigen and 1s therefore 1tself immobilized on
the substrate. The antibody 1s then exposed to anti-human IgG
labeled with a colloidal gold particle and thus labeled IgG
becomes bonded to the antibody. The antigen-antibody-I1gG
complex 1s then exposed to a solution containing silver 1ons
and these become nucleated around the gold particles as solid
silver particles having a dark color to the eye.

The development of microfluidics and microfluidic tech-
niques has provided mmproved chemical and biological
research tools, including platforms for performing chemical
reactions, combining and separating fluids, diluting samples,
and generating gradients. For example, see U.S. Pat. No.
6,645,432, hereby incorporated by reference herein.

SUMMARY OF INVENTION

This invention relates to a method and apparatus for deter-
mimng an analyte and, in particular, to the determination of
an analyte indicating a disease condition.
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2

In one embodiment, the present invention 1s directed to a
method comprising accumulating an opaque material on a
region of a microfluidic chamber, exposing the region to light,
and determining the transmission of light through the opaque
material.

In another embodiment, the present invention 1s directed to
an immunoassay comprising a microtluidic chamber having a
surface, at least one of an antigen or an antibody disposed on
a portion of the chamber surface, and an opaque layer asso-
ciated with the portion of the chamber.

In another embodiment, the present invention 1s directed to
a method comprising passing a fluid sample over a surface,
allowing a sample component to bind with a binding partner
disposed on the surface, allowing a metal colloid to associate
with a sample component, and flowing a metal solution over
the surface to form a metallic layer.

In another embodiment, the present invention 1s directed to
a method comprising flowing a tluid sample over a surface,
allowing a sample component to bind with a binding partner
disposed on the surface, and accumulating an opaque material
on a portion of the surface.

In another embodiment, the present invention 1s directed to
an assay kit comprising a surface including a microfluidic
channel, at least one of an antibody or an antigen associated
with a portion of the microflmdic channel, a metal colloid
associated with an antibody or an antigen, a metal precursor,
and 1nstructions for performing the assay.

In yet another embodiment, the present invention 1s
directed to a method comprising contacting a sample with an
antibody or an antigen, allowing a sample component to bind
with the antibody or antigen, illuminating any bound sample
component with a pulse modulated light, and determining
binding of a sample component to an antigen or antibody.

Other advantages and novel features of the present inven-
tion will become apparent from the following detailed
description of various non-limiting embodiments of the
invention when considered in conjunction with the accompa-
nying figures. In cases where the present specification and a
document incorporated by reference include conflicting and/
or inconsistent disclosure, the present specification shall con-
trol. If two or more documents 1incorporated by reference
include conflicting and/or inconsistent disclosure with

respect to each other, then the document having the later
elfective date shall control.

BRIEF DESCRIPTION OF DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly 1dentical
component that 1s 1llustrated in various figures 1s represented
by a like numeral. For purposes of clarity, not every compo-
nent 1s labeled 1n every drawing. In the drawings:

FIG. 1 1s an illustration of one embodiment of an assay of
the invention;

FIG. 2 1s an 1llustration of an assay including a detector;

FIG. 3 1s a schematic 1llustration of an optical detector;

FIG. 4 1s a graph illustrating absorbance versus analyte
concentration;

FIG. 5 illustrates graphically and in a photocopy of a
micrograph the amount of opaque material present at high

and low analyte concentrations;

FIG. 6 provides photocopies of micrographs showing the
formation of opaque material at various analyte concentra-
tions;

FIG. 7 provides graphical data regarding four different
assay techniques;
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FIG. 8 provides graphical data indicating absorbance vs.
time of exposure and provides photocopies of micrographs
showing an opaque material;

FI1G. 9a provides a side view of an assay detection system;

FI1G. 9bprovides a side view of a detection area of an assay;

FI1G. 10 provides graphical data comparing apparent absor-
bance by two different techniques;

FIG. 11 provides additional graphical data comparing
absorbance by two different techniques;

DETAILED DESCRIPTION

This invention 1s not limited 1n 1ts application to the details
ol construction and the arrangement of components set forth
in the following description or illustrated in the drawings. The
invention 1s capable of other embodiments and of being prac-
ticed or of being carried out 1n various ways. Also, the phrase-
ology and terminology used herein 1s for the purpose of
description and should not be regarded as limiting. The use of
“including,” “comprising,” or “having,” “containing”,
“immvolving”, and variations thereof herein, 1s meant to encom-
pass the 1tems listed thereafter and equivalents thereof as well
as additional items.

The mvention provides a method and apparatus for deter-
miming a presence, qualitatively or quantitatively, of a com-
ponent 1n a sample. The component may be a binding partner,
such as an antibody or antigen, that may be indicative of a
disease condition.

In one aspect, a sample from a subject can be analyzed with
little or no sample preparation. The sample may also be
obtained non-invasively, thus providing for a safer and more
patient-friendly analytical procedure.

In another aspect, an assay providing high sensitivity and a
low limit of detection, comparable to that of the most sensi-
tive ELISA test, 1s provided. The assay can be run quickly and
results may be permanent, allowing for reading the assay at
any time after performing the test.

In another aspect, a sample 1s flowed over a surface asso-
ciated with a prospective binding partner of a sample compo-
nent. The assay can be performed 1n a channel of a microtlu-
1dic device allowing the sample to be tlowed over a binding
partner, for example, an antigen. Any antigen-antibody com-
plex that forms may be associated with a metal colloid that
provides a catalytic surface for the deposition of an opaque
material, such as a layer of metal. Therefore, 1f antibody-
antigen binding occurs in the microfluidic channel, the flow-
ing of a metal precursor through the channel can result 1n the
formation of an opaque layer, such as a silver layer, due to the
presence of the catalytic metal colloid associated with the
antlbody -antigen complex. Any opaque layer that 1s formed
in the microfluidic channel can be detected optically, for
example, by measuring a reduction in light transmaittance
through a portion of the microfluidic channel compared to a
portion of the channel that does not include the antibody or
antigen. The opaque layer may provide an increase in assay
sensitivity when compared to techniques that do not form an
opaque layer.

The term “binding™ refers to the interaction between a
corresponding pair of molecules that exhibit mutual ail

Inity
or binding capacity, typically specific or non-specific binding
or mteraction, icluding biochemical, physiological, and/or
pharmaceutical interactions. Biological binding defines a
type of interaction that occurs between pairs ol molecules
including proteins, nucleic acids, glycoproteins, carbohy-
drates, hormones and the like. Specific examples 1nclude
antibody/antigen,  antibody/hapten,  enzyme/substrate,
enzyme/inhibitor, enzyme/cofactor, binding protein/sub-
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4

strate, carrier protein/substrate, lectin/carbohydrate, recep-
tor/hormone, receptor/effector, complementary strands of
nucleic acid, protein/nucleic acid repressor/inducer, ligand/
cell surface receptor, virus/ligand, etc.

An “opaque material” 1s a substance that interferes with the
transmittance of light at one or more wavelengths. An opaque
material does not merely refract light, but reduces the amount
of transmission through the material by, for example, absorb-
ing or reflecting light. Different opaque materials or different
amounts of an opaque material may allow transmittance of
less than 90, 80, 70, 60, 50, 40, 30, 20, 10 or 1 percent of the
light 1lluminating the opaque material. Examples of opaque
materials include molecular layers of elemental metal and
polymeric layers.

The term “binding partner” refers to a molecule that can
undergo binding with a particular molecule. Biological bind-
ing partners are examples. For instance, Protein A 1s a binding
partner of the biological molecule IgG, and vice versa. Like-
wise, an antibody 1s a binding partner to its antigen, and vice
versa.

“Colloids™, as used herein, means nanoparticles, 1.e., very
small, self-suspendable or fluid-suspendable particles includ-
ing those made of material that 1s, e.g., Inorganic or organic,
polymeric, ceramic, semiconductor, metallic (e.g., gold),
non-metallic, crystalline, amorphous, or acombination. Typi-
cally, colloid particles used 1n accordance with the mvention
are of less than 250 nm cross section 1n any dimension, more
typically less than 100 nm cross section 1n any dimension, and
in most cases are of about 2-30 nm cross section. One class of
colloids suitable for use 1n the invention 1s 10-30 nm 1n cross
section, and another about 2-10 nm 1n cross section. Colloids
may be associated with a binding partner, for example, an
antibody. As used herein this term includes the definition
commonly used 1n the field of biochemuistry.

As used herein, a component that 1s “1immobilized relative
to”” another component either 1s fastened to the other compo-
nent or 1s indirectly fastened to the other component, e.g., by
being fastened to a third component to which the other com-
ponent also 1s fastened, or otherwise 1s transitionally associ-
ated with the other component. For example, a signaling
entity 1s immobilized with respect to a binding species 1f the
signaling entity 1s fastened to the binding species, 1s fastened
to a colloid particle to which the binding species 1s fastened,
1s fastened to a dendrimer or polymer to which the binding
species 1s fastened, etc.

“Signaling entity” means an entity that 1s capable of 1ndi-
cating 1ts existence 1n a particular sample or at a particular
location. Signaling entities of the mnvention can be those that
are 1dentifiable by the unaided human eye, those that may be
invisible 1n 1solation but may be detectable by the unaided
human eye i1f 1n sufficient quantity (e.g., colloid particles),
entities that absorb or emit electromagnetic radiation at a
level or within a wavelength range such that they can be
readily detected wvisibly (unaided or with a microscope
including an electron microscope or the like), optically, or
spectroscopically, entities that can be detected electronically
or electrochemically, such as redox-active molecules exhib-
iting a characteristic oxidation/reduction pattern upon expo-
sure to appropriate activation energy (“electronic signaling
entities™), or the like. Examples include dyes, pigments, elec-
troactive molecules such as redox-active molecules, fluores-
cent moieties (including, by definition, phosphorescent moi-
cties), up-regulating phosphors, chemiluminescent entities,
clectrochemiluminescent entities, or enzyme-linked signal-
ing moieties including horseradish peroxidase and alkaline
phosphatase. “Precursors of signaling entities” are entities
that, by themselves, may not have signaling capability but,
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upon chemical, electrochemical, electrical, magnetic, or
physical interaction with another species, become signaling
entities. An example includes a chromophore having the abil-
ity to emit radiation within a particular, detectable wave-
length only upon chemical interaction with another molecule.
Precursors of signaling entities are distinguishable from, but
are included within the definition of, “signaling entities™ as
used herein.

In some, but not all embodiments, all components of the
systems and methods described hereimn are microfluidic.
“Microfluadic,” as used herein, refers to a device, apparatus or
system 1ncluding at least one fluid channel having a cross-
sectional dimension of less than 1 mm, and a ratio of length to
largest cross-sectional dimension of at least 3:1. A “microi-
luidic channel,” as used herein, 1s a channel meeting these
criteria.

The “cross-sectional dimension™ of the channel 1s mea-
sured perpendicular to the direction of fluid flow. Most fluid
channels 1n components of the invention have maximum
cross-sectional dimensions less than 2 mm, and in some
cases, less than 1 mm. In one set of embodiments, all fluid
channels containing embodiments of the invention are
microtluidic or have a largest cross sectional dimension of no
more than 2 mm or 1 mm. In another embodiment, the fluid
channels may be formed 1n part by a single component (e.g.,
an etched substrate or molded unit). Of course, larger chan-
nels, tubes, chambers, reservoirs, etc. can be used to store
fluids 1n bulk and to deliver fluids to components of the
invention. In one set of embodiments, the maximum cross-
sectional dimension of the channel(s) containing embodi-
ments of the invention are less than S00 microns, less than 200
microns, less than 100 microns, less than 50 microns, or less
than 25 microns.

A ““channel,” as used herein, means a feature on or 1n an
article (substrate) that at least partially directs the tlow of a
fluid. The channel can have any cross-sectional shape (circu-
lar, oval, triangular, 1irregular, square or rectangular, or the
like) and can be covered or uncovered. In embodiments where
it 1s completely covered, at least one portion of the channel
can have a cross-section that 1s completely enclosed, or the
entire channel may be completely enclosed along its entire
length with the exception of 1ts inlet(s) and outlet(s). A chan-
nel may also have an aspect ratio (length to average cross
sectional dimension) of at least 2:1, more typically at least
3:1, 3:1, or 10:1 or more. An open channel generally will
include characteristics that facilitate control over fluid trans-
port, e.g., structural characteristics (an elongated indentation)
and/or physical or chemical characteristics (hydrophobicity
vs. hydrophilicity) or other characteristics that can exert a
force (e.g., a containing force) on a tluid. The fluid within the
channel may partially or completely {ill the channel. In some
cases where an open channel 1s used, the fluid may be held
within the channel, for example, using surface tension (1.€., a
concave or convex meniscus).

The channel may be of any size, for example, having a
largest dimension perpendicular to fluid flow of less than
about 5 mm or 2 mm, or less than about 1 mm, or less than
about 500 microns, less than about 200 microns, less than
about 100 microns, less than about 60 microns, less than
about 50 microns, less than about 40 microns, less than about
30 microns, less than about 25 microns, less than about 10
microns, less than about 3 microns, less than about 1 micron,
less than about 300 nm, less than about 100 nm, less than
about 30 nm, or less than about 10 nm. In some cases the
dimensions of the channel may be chosen such that fluid 1s
able to freely flow through the article or substrate. The dimen-
s1ons of the channel may also be chosen, for example, to allow
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a certain volumetric or linear tlowrate of fluid 1n the channel.
Of course, the number of channels and the shape of the
channels can be varied by any method known to those of
ordinary skill in the art. In some cases, more than one channel
or capillary may be used. For example, two or more channels
may be used, where they are positioned inside each other,
positioned adjacent to each other, positioned to intersect with
each other, etc.

As used herein, “fastened to or adapted to be fastened™, 1n
the context of a species relative to another species or to a
surface of an article, means that the species 1s chemically or
biochemically linked via covalent attachment, attachment via
specific biological binding (e.g., biotin/streptavidin), coordi-
native bonding such as chelate/metal binding, or the like. For
example, “fastened” in this context includes multiple chemi-
cal linkages, multiple chemical/biological linkages, etc.,
including, but not limited to, a binding species such as a
peptide synthesized on a polystyrene bead, a binding species
specifically biologically coupled to an antibody which 1s
bound to a protein such as protein A, which 1s attached to a
bead, a binding species that forms a part (via genetic engi-
neering ) of amolecule such as GST or Phage, which in turn 1s
specifically biologically bound to a binding partner
covalently fastened to a surface (e.g., glutathione in the case
of GST), etc. As another example, a moiety covalently linked
to a thiol 1s adapted to be fastened to a gold surface since thiols
bind gold covalently. Similarly, a species carrying a metal
binding tag 1s adapted to be fastened to a surface that carries
a molecule covalently attached to the surface (such as thiol/
gold binding) which molecule also presents a chelate coordi-
nating a metal. A species also 1s adapted to be fastened to a
surface 1f a surface carries a particular nucleotide sequence,
and the species includes a complementary nucleotide
sequence.

A microfluidic device of the invention can be fabricated of
a polymer, for example an elastomeric material such as poly
(dimethylsiloxane) (PDMS) using rapid prototyping and soft
lithography. For example, a high resolution laser printer may
beused to generate a mask from a CAD file that represents the
channels that make up the fluidic network. The mask may be
a transparency that may be contacted with a photoresist, for
example, SU-8 photoresist (MicroChem), to produce a nega-
tive master of the photoresist on a silicon water. A positive
replica of PDMS may be made by molding the PDMS against
the master, a technique known to those skilled 1n the art. To
complete the fluidic network, a flat substrate, for example, a
glass slide, silicon wafer, or polystyrene surface may be
placed against the PDMS surface and may be held 1in place by
van der Waals forces, or may be fixed to the PDMS using an
adhesive. To allow for the introduction and recerving of fluids
to and from the network, holes (for example 1 millimeter in
diameter) may be formed 1n the PDMS by using an appropri-
ately sized needle. To allow the fluidic network to communi-
cate with a fluid source, tubing, for example of polyethylene,
may be sealed 1n communication with the holes to form a
fluidic connection. To prevent leakage, the connection may be
sealed with a sealant or adhesive such as epoxy glue.

In one embodiment, as shown in FIG. 1, a microfluidic
device 110 can be used to provide a substrate on which to
perform the assay. Methods of manufacturing such a microi-
luidic device are provided 1n U.S. Pat. No. 6,645,432, incor-

porated by reference in 1ts entirety herein.
A series of microfluidic channels, 120,122, and 124, can be

used to flow sample and metal precursor across the surface
130 of the microfluidic device. A binding partner, for
example, an antigen or antibody, may be disposed on surface
130 at portion 140. Portion 140 may include a stripe of bind-
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ing partner, as shown, transversing two or more channels.
Alternatively, a binding partner may be disposed on a portion
limited to a single channel. Multiple binding partners may be
disposed 1n a single channel and may overlap or be segregated
from each other.

Binding partners immobilized at a region or portion of a
region can be immobilized in essentially any manner, and
many immobilization techniques suitable for use with the
invention are known 1n the art. See U.S. patent application
Ser. Nos. 10/654,587 and 09/578,562, which are incorporated
by reference 1n their entirety herein. Immobilization can be
done 1n a way such that the species are randomly oriented
relative to the surface (1.e., each immobilized species can be
oriented, relative to the surface, randomly), or greater control
of the orientation of species relative to the surface can be
provided. For example, where proteins are immobilized at the
surface, they can be oriented such that their binding sites for
the assay are oriented generally away from the surface, maxi-
mizing their binding capacity or availability. One technique
for doing so, described 1 U.S. Pat. No. 5,620,850, incorpo-
rated herein by reference, involves synthesizing the protein
with a polyamino acid tag such as, for example, a sequence of
6 histidines, at a location generally opposite the protein’s
relevant binding site, providing a metal chelate, such as
nitrilotriacetic acid, chelating a metal 10on such as nickel in
such a way that at least two coordination sites on nickel are
free for binding to the polyamino acid tag, and allowing the
tag to coordinate to the metal 10ns, thus immobilizing the
protein at the region or portion of a region 1n an advantageous
orientation. A metal chelate such as this can be immobilized
at the region 1n any of a number of ways. One way involves
forming a self-assembled monolayer (SAM) at the region,
terminating 1n the metal chelate, as described 1n the above-
referenced U.S. Pat. No. 5,620,850. For example, a thin,
essentially transparent thin gold layer can be deposited at the
region, and SAM-forming alkyl thiols, terminating in a metal
chelate, can be deposited on the gold layer as a SAM. Other
chemistry, described 1n U.S. Pat. No. 35,620,850 and other
references, and known to those of ordinary skill 1n the art, can
be used to form such a SAM on a region defined by a variety
ol base materials.

To run the assay, a sample, such as a biological sample
taken from a subject, 1s flowed through one or more micro-
channels 120, 122, or 124, in the direction shown by the
arrows. The sample may be a liquid sample, but 1n some
embodiments need not be diluted, purified or treated prior to
analysis. The sample may be flowed through the microchan-
nel at a rate suificient to allow a component of the sample to
bind with a binding partner immobilized at portion 140. By
actively flowing the sample through the channel, the reactive
portion 140 1s repeatedly exposed to components of the
sample, improving reaction kinetics and resulting in an
increased formation of any binding pairs. After an adequate
amount of flow of sample through microchannel 120, e.g.,
when detectable binding pairs have formed, a fluid containing,
ametal colloid associated with a second binding partner of the
sample component 1s flowed through the microchannel,
allowing the metal colloid to bind with any sample compo-
nent that has been associated with portion 140 of the micro-
channel.

After the metal colloid has been given the opportunity to
bind with any binding partner at portion 140, a metal precur-
sor can be flowed through channel 120 1n a similar manner as
was the metal colloid. The metal precursor can be flowed
through the microchannel at a concentration and a rate that
allows an opaque layer to be formed wherever a threshold
number of metal colloids have been associated with the sur-

10

15

20

25

30

35

40

45

50

55

60

65

8

face. Thus, if a gold-conjugated antibody 1s used as a metal
colloid, a silver nitrate solution may be used to electrolessly
deposit a silver layer on the portion of the channel associated
with the gold-conjugated antibody. At the completion of this
portion of the assay, surface 130 of the microfluidic network
may include, 1n successive layers, an antigen such as HIV
antigen, a sample component of an HIV antibody obtained
from a subject, a metal colloid such as gold-labeled anti-
human IgG, and an opaque layer of metal, such as silver, that
has been electrolessly deposited on the metal colloid. Rinsing
solutions may be flowed through the channel before or after
cach of the steps.

In addition to depositing metal on any metal colloids that
may be associated with portion 140 of microchannel 120, the
metal precursor may also be deposited on metal that has
previously been electrolessly deposited on the gold-conju-
gated antibody. In this manner, an opaque material may be
formed over some or all of portion 140 allowing for detection
by, for example, the unaided eye or an optical detection
device. The opaque material may be a continuous material
rather than, for example, independent particles, and may
include a horizontal dimension that, 1n a dimension measured
in substantially the same plane as surface 130, measures
greater than 1 micron, greater than 10 microns, or greater than
100 microns.

In some cases, an opaque layer may form a web or honey-
comb of material that includes passages allowing light to be
transmitted therethrough. As additional material 1s deposited,
these passages may become smaller, allowing less and less
light to be transmitted through the material. As the passages
disappear, the amount of light transmittance may be reduced
to zero, providing for a completely opaque matenal.

After an opaque layer has been formed, detection of the
opaque layer, and therefore determination of the presence of
a binding partner, may be determined by visually examining
the microfluidic device or by using a detector such as an
optical detector. One embodiment of an optical detector 1s
depicted 1 FIGS. 2, 3 and 9. FIG. 2 illustrates microtluidic
device 110, as shown in FIG. 1. Also included 1s light source
210, here an oscillator-modulated laser diode, and a detector
220, such as an optical integrated circuit (IC). As 1llustrated 1n
the schematic diagram of FIG. 3, the detector signal may be
amplified and passed through a bandpass filter centered at the
same frequency as the oscillator controlling the light source.
The output may then be passed to an A/D converter which can
then provide an output on a readout, such as an LCD display.
Both the light source and the detector may be powered by a 9
volt battery, such as the type typically used 1n portable hand-
held radios.

In one aspect, the invention provides an apparatus and
method for analyzing a sample using continuous flow. Typi-
cally, existing methods such as ELISA and other sandwich
assays use a 96 well plate, or similar, for containing a sample
for the immunoassay. These methods can expose an antibody
or an antigen to a sample component 1n a fluid, but the fluid 1s
not flowed past the antibody or antigen and diffusion 1s relied
on for bringing binding partners into proximity with each
other. The present invention may allow for increased oppor-
tunities for binding of a sample component to a potential
binding partner at similar or lower concentrations of sample
component than previous methods. By tlowing a sample con-
taining one binding partner past a surface presenting the other
binding partner, a greater number of potential binding part-
ners are placed in proximity to each other than would occur
via simple diffusion. In one embodiment, the sample 1s
flowed through a microchannel providing the benefits of
flowing one binding partner past a second binding partner




US 8,574,924 B2

9

while requiring a small sample, for example, less than 10
microliters, less than 1 microliter, or less than 100 nanoliters
of sample. The microchannel may be of a material transparent
to light that 1s used to detect the formation of an opaque
material 1n the channel so that any absorbance or transmit-
tance of light through a portion of the channel can be attrib-
uted to the formation of an opaque layer.

Because immunoassays detect signaling entities, such as
enzyme-conjugated secondary antibodies that are dissolved
or suspended 1n a fluid, a relatively long path length is
required 1n order to obtain optimal sensitivity. Thus, one
reason why immunoassays have not been applied 1n microi-
luidics 1s the short path length typically presented by microi-
luidic devices. For example, a microfluidic device may have a
channel having a thickness of less than 250 microns, less than
100 microns, or less than 40 microns. Therefore, any fluid
filling a channel 1n this microflmdic device would present a
perpendicular light pathway of less than 250, 100 or 40
microns. The present method may not be subject to these
restrictions because 1t can use an opaque layer in the solid
state, rather than a chromophore 1n a fluid. The opaque layer
may have a thickness of less than 1 micron, of less than 100
nanometers or less than 10 nanometers. Even at these small
thicknesses, a detectable change 1n transmittance can be
obtained.

The geometry of the microflmidic channel may provide for
the laminar flow of fluids through the channel, even at rela-
tively high flow rates. Alternatively, turbulent flow may be
employed for example, by using even faster flow rates, wider
channels, or devices such as microfluidic mixers. Such mix-
ing may provide for a greater amount of contact between
potential binding partners.

The presence, absence, or amount of an analyte 1n a sample
may be indicated by the formation of an opaque material.
Although the opaque material may be used to refract light or
may be excited to emait light at a similar or different wave-
length than the light to which the layer 1s exposed, the mea-
surement of light transmission may be preferred due to, for
example, lower equipment and operating costs, and ease of
use. In some microchannels, an opaque layer may be visible
to the naked eye and, in particular if reflective, may be
detected without the use of instrumentation.

Any opaque material that forms can be a series of discon-
tinuous independent particles, but in one embodiment 1s a
continuous material that takes on a generally planar shape.
The opaque material may have a dimension greater than 1
micron or greater than 10 microns. The opaque material may
be a metal and 1s preferably a metal that can be electrolessly
deposited. These metals include, for example, copper, nickel,
cobalt, palladium, and platinum. A metal precursor 1s a mate-
rial that can provide the source of the elemental metal for
depositing on, for example, a metal colloid. For example, a
metal precursor may be a metallic salt solution such as silver
nitrate. In one embodiment, a metal precursor may include
0.1% silver nmitrate, 1.7% hydroquinone and 0.1 M citrate
butffer at a pH of 3.5. Some other examples of electrolessly
deposited materials can be found 1n Modern Electroplating,
4™ Edition, Schlesinger and Paunovic, Wiley, 2000. Metal
precursors can be stored for long periods of time and may be
stable for several years whereas optically-active compounds
may have much shorter shelf lives.

Any metal colloid associated with a surface may be widely
scattered over a portion of the surface. For example, gold-
conjugated antibodies may be bound to sample components
that are associated with the portion of the surface but spaces
may exist between the gold-conjugated antibodies, making,
them discontinuous. When a metal precursor 1s first exposed
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to these gold-conjugated antibodies, the precursor may form
particulates centered around individual metal colloids. As
metal, e.g., silver, 1s deposited on these metal colloids, the
particles become larger and soon the metal precursor may
deposit metal not only on gold colloids but on metal that has
been previously electrolessly deposited. For example, a silver
nitrate solution may deposit silver metal onto silver metal
particles that have previously been deposited on gold-conju-
gated antibodies. Thus, as the silver layer continues to grow
on silver, as well as on gold, areas that previously were
independent particles or 1slands of metal can join to form a
larger, continuous opaque material that can be more easily
detected. It has been found that a microfluidic system can
provide for a relatively smooth, continuous layer of metal.
The opaque material may have a thickness greater than 1, 10,
100 or 1000 nanometers. For some opaque materials, the
material may become completely opaque at thicknesses
greater than about 100 nm. However, in some embodiments,
such as when a honeycomb or similar structure 1s formed,
thicknesses 1n some portions may be much greater while still
allowing some light to be transmuitted.

A variety of chemical and biological materials may be
analyzed by the methods and apparatuses described herein.
Analytes may include chemicals such as organic compounds
and biological materials such as proteins, peptides, nucleic
acids and antibodies.

Analytes include any analyte for which a binding partner
can be found. Analytes that may be determined include spe-
cific proteins, viruses, hormones, drugs, nucleic acids and
polysaccharides; specifically antibodies, e.g.: IgD, IgG, IgM
or IgA immunoglobulins to HTLV-1, HIV, Hepatitis A, B and
non A/non B, Rubella, Measles, Human Parvovirus B19,
Mumps, Malaria, Chicken Pox or Leukemia; human and ani-
mal hormones, ¢.g.: human growth hormone (hGM, human
chorionic gonadotropin WM; drugs, e.g.: paracetamol or
theophylline; marker nucleic acids, e.g.; as for genetic finger
printing analysis markers; polysaccharides such as cell sur-
face antigens for HLA tissue typing and bacterial cell wall
material. Chemicals that may be detected include explosives
such as TNT, nerve agents, and environmentally hazardous
compounds such as polychlorinated biphenyls (PCBs), diox-
ins, hydrocarbons and MTBE. Typical sample fluids include
physiological fluids such as human or animal whole blood,
blood serum, blood plasma, semen, tears, urine, sweat, saliva,
cerebro-spinal fluid, and vaginal secretions, in-vitro fluids
used 1n research, or environmental fluids such as aqueous
liquids suspected of being contaminated by the analyte.

In cases where an antigen 1s being analyzed, a correspond-
ing antibody can be the binding partner associated with a
surface of a microfluidic channel. If an antibody is the ana-
lyte, then an appropriate antigen may be the binding partner
associated with the surface. When a disease condition 1s being
determined, it may be preferred to put the antigen on the
surface and to test for an antibody that has been produced 1n
the subject. Such antibodies may include, for example, anti-
bodies to HIV.

A biological sample may be obtained noninvasively. The
low level of detection capable with the invention allows for
the use of samples that typically contain lower concentrations
of antigens or antibodies than does blood. For example, useful
samples may be obtained from saliva, urine, sweat, or mucus.
By allowing samples to be obtained noninvasively, the meth-
ods of the invention can provide for increased throughput,
sater sampling, and less subject apprehension.

The methods and apparatuses of the present invention may
be capable of obtaining limits of detection (LOD) comparable
to those achievable by immunochromatographic assays as
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well as ELISA. For example, concentrations below 1 nM and
even 1n the 100 pM range can be detected. The assay can be
qualitative, quantitative, or both. As illustrated 1n FIG. 4, as
the concentration of analyte increases, the apparent absor-
bance of the opaque material increases accordingly. In FI1G. 4,
the sample component (analyte) 1s HIV antigen and the
sample 1s human serum. Different dilutions of these sera are
shown and 1n FIG. 6 the formation of an opaque layer indi-
cates a positive result when compared to control at dilutions
of 1 to 10 and 1 to 100. Therefore, 1n addition to presence/
absence type tests, a quantitative test may be provided. Such
a quantitative test may be of interest, for example, to those
monitoring antibody levels 1n a patient during treatment.
Sensitivity and LOD of the method compare favorably to
that obtainable with various state-of-art ELISA techniques.
When compared to ELISA techniques using chemilumines-
cence, tluorescence and absorbance 1n assaying rabbit IgG, an
embodiment of the invention using silver deposition provided
comparable sensitivity and LOD numbers. Sensitivity and
L.OD were calculated using IUPAC definitions and are pro-
vided 1n Table 1 below. Higher sensitivity numbers indicate

greater sensitivity and lower LOD numbers 1indicate a lower
LOD.

TABLE 1
Method Sensitivity (normalized) LOD (pM)
Silver deposition .08 89
Chemiluminescence 19 22
Fluorescence 12 163
Absorbance .04 55

In another embodiment, an assay 1s provided that requires
less time to run than typical immuno-based assays such as
ELISA. For example, using a microfluidic device of the
present mvention, incubation times for each reagent can be
less than 10 minutes. For ELISA techmiques using microw-
ells, 1 to 3 hours incubation time 1s typically required for each
reagent. Thus, the present method can provide a 6 to 18 fold
decrease 1n incubation time. A portion of this time savings can
be attributed to analyzing a sample directly without needing,
to purily, dilute or otherwise prepare a sample. For example,
a saliva sample may be flowed across a channel without
having been diluted, filtered, separated, or otherwise pre-
pared. From the time a sample 1s obtained to when results are
realized, a total time of less than one hour, less than 30
minutes, less than 20 minutes or less than 10 minutes may be
realized. One reason for this increase 1 speed 1s an improved
rate of binding between binding partners. This can be attrib-
uted, at least 1n part, to the tlow system of the mvention.
Systems relying on diffusion, or capillary action are limited in
the number of binding partners that can be exposed to each
other over a given time period. Furthermore, as diffusion may
be temperature dependent, the present invention, utilizing
sample flow, may be more temperature independent than
other methods, providing for a more robust assay in the field
where temperatures may vary from above 40° C. to below 0°
C.

In another embodiment, two or more parallel assays may
be run. A single sample may be physically split into two or
more samples using a microfluidic device. A microfluidic
device may have a single mput channel that branches into
two, three, or more parallel channels. Parallel analysis may be
performed at different threshold levels of a similar or 1dentical
analyte, or for different analytes at the same or different
thresholds. A control may also be performed 1n parallel. Thus,
with a single sample run, a sample can be analyzed for two or
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more analytes at any number of threshold concentrations. A
control may also be run concurrently and may be usetul 1n
calibrating and/or veritying the detection method that 1s used.
Once an opaque layer 1s formed, the assay may be stable for
an extended period of time, for example, greater than one
month or one year, so that assays may be collected and ana-
lyzed or re-analyzed at a later date.

Reagents and samples may be supplied to the assay using
methods known to those skilled 1n the art or by using delivery
methods described herein.

In one aspect, a microfluidic device can be used in con-
junction with a vessel designed to contain, store, protect
and/or transport two or more fluids. As used herein, vessels
include cartridges and tubes. A vessel may contain two or
more distinct fluids separated by a third fluid that can be
immiscible with both. Any number of distinct fluids may be
contained 1n a vessel. For example, the vessel may be a tube
that includes a series of fluid plugs such as a reagent solution
plug followed by an air plug, followed by a rinse solution
plug. An additional air plug may separate the first rinse solu-
tion plug from a second rinse solution plug. The ends of the
tube may be sealed, for example, to retain the fluid plugs and
to prevent contamination from external sources. The liquid
plugs may retain their relative positions in the tube and may
be prevented from contacting each other by the interspaced
air plugs. The tube dimensions and materials of construction
may be chosen to help fluid plugs retain their position and
remain unmixed. For example, see the cartridge systems
described 1n Vincent Linder, Samuel K. Sia, and George M.
Whitesides “Reagent-Loaded Cartridges for Valveless and
Automated Fluid Delivery 1n Microfluidic Devices,” Anal.
Chem.; 2005; 77(1) pp 64-71.

Reagents and other fluids may be stored for extended
lengths of time 1n the vessel. For example, reagents may be
stored for greater than 1 day, 1 week, 1 month or 1 year. By
preventing contact between fluids, fluids containing compo-
nents that would typically react or bind with each other are
prevented from doing so, while being maintained 1n a con-
tinuous chamber.

Fluids may be transferred from the vessel to the assay by
applying pressure or vacuum after removing or piercing a seal
at an end of the tube. In other embodiments, the vessel need
not be sealed and fluid flow can be started by applying an
external force, such as a pressure differential. One end of the
vessel, for example, can be 1, or can be placed in, fluid
communication with an assay or another device that will
receive the fluids from the vessel.

Fluid may be flowed to the reaction site by, for example,
pushing or pulling the fluid through the vessel. Fluids can be
pushed to the reaction site using, for example, a pump,
syringe, pressurized vessel, or any other source of pressure.
Alternatively, tfluids can be pulled to the reaction site by
application of vacuum or reduced pressure on a downstream
side of the reaction site. Vacuum may be provided by any
source capable of providing a lower pressure condition than
ex1sts upstream of the reaction site. Such sources may include
vacuum pumps, venturis, syringes and evacuated containers.

In one set of embodiments, a vessel may contain fluid plugs
in linear order so that as fluids flow from the vessel to a
reaction site they are delivered 1n a predetermined sequence.
For example, an assay may recetve, 1n series, an antibody
fluid, a rinse tfluid, a labeled-antibody fluid and a rinse tluid.
By maintaining an immiscible fluid (a separation tluid)
between each of these assay fluids, the assay fluids can be
delivered 1n sequence from a single vessel while avoiding
contact between any of the assay tluids. Any immiscible fluid
that can separate assay tluids may be applied to the reaction
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site without altering the conditions of the reaction site. For
instance, 11 antibody-antigen binding has occurred at a reac-
tion site, air can be applied to the site with minimal or no
cifect on any binding that has occurred.

Pre-filling of the vessel with reagents may allow the
reagents to be dispensed 1n a predetermined order for a down-
stream process. In cases where a predetermined time of expo-
sure to a reagent 1s desired, the amount of each fluid 1n the
vessel may be proportional to the amount of time the reagent
1s exposed to a downstream reaction site. For example, 11 the
desired exposure time for a first reagent 1s twice the desired
exposure time for a second reagent, the volume of the first
reagent 1n the vessel may be twice the volume of the second
reagent in the vessel. I a constant pressure differential 1s
applied in flowing the reagents from the vessel to the reaction
site, and 1f the viscosity of the fluids 1s the same or similar, the
exposure time of each fluid at a specific point, such as a
reaction site, may be proportional to the relative volume of the
fluid. Factors such as vessel geometry, pressure or viscosity
can also be altered to change flow rates of specific fluids from
the vessel.

A variety of determination techniques may be used. Deter-
mination techniques may include optically-based techniques
such as light transmission, light absorbance, light scattering,
light reflection and visual techniques. Determination tech-
niques may also measure conductivity. For example, micro-
clectrodes placed at opposite ends of a portion of a microflu-
idic channel may be used to measure the deposition of a
conductive matenial, for example an electrolessly deposited
metal. As a greater number of individual particles of metal
grow and contact each other, conductivity may increase and
provide an indication of the amount of conductor material,
¢.g., metal, that has been deposited on the portion. Therefore,
conductivity or resistance may be used as a quantitative mea-
sure of analyte concentration.

Another analytical technique may include measuring a
changing concentration of a precursor from the time the pre-
cursor enters the microflumidic channel until the time the pre-
cursor exits the channel. For example, 1f a silver nitrate solu-
tion 1s used, a silver sensitive electrode may be capable of
measuring a loss 1n silver concentration due to the deposition
of silver in a channel as the precursor passes through the
channel.

Ditferent optical detection techniques provide a number of
options for determining assay results. In some embodiments,
the measurement of transmission or absorbance means that
light can be detected at the same wavelength at which it 1s
emitted from a light source. Although the light source can be
a narrow band source emitting at a single wavelength, 1t may
also may be a broad spectrum source, emitting over a range of
wavelengths, as many opaque materials can effectively block
a wide range of wavelengths. The system may be operated
with a minimum of optical components. For instance, the
determining device may be free of a photo multiplier, may be
free of a wavelength selector such as a grating, prism or filter,
or may be Iree of a device to direct or columnate light such as
a columnator. Elimination or reduction of these features can
result 1n a less expensive, more robust device.

In some embodiments, fewer than 3, fewer than 2, or fewer
than 1 optical component may be used. The term “optical
component” can include passive elements or devices that do
not produce electromagnetic radiation but rather diffract or
refract or otherwise change a property of electromagnetic
radiation or light. Thus, an optical component can, for
example, be a prism, a mirror, a diffractive lens, a refractive
lens, reflective lens, a spherically-shaped lens, an aspheri-
cally-shaped lens, a non-spherically-shaped lens, a plano-
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convex-shaped lens, a polygonal convex-shaped lens or a
graded-index optical fiber or fiber optical component. An

“optical component™ also includes active elements or devices
that produce electromagnetic radiation including, for
example, lasers or light-emitting diodes. A “light-focusing
clement” 1s an optical element that 1s capable of refracting,
bending or changing the direction of the propagating of waves
of electromagnetic radiation so that the waves can converge,
or diverge, on or near a preferred plane, location or region.

In one embodiment, a light source can be pulse modulated,
for example, at a frequency of 1,000 Hz. To match the pulse
modulated light source, a detector may include a filter oper-
ating at the same frequency. By using a pulse modulated light
source 1t has been found that the system can be less sensitive
to extrinsic sources of light. Therefore, the assay may run
under various light conditions, including broad daylight, that
might make 1t impractical to use existing techniques. Experi-
mental results indicate that by using a pulse modulated light
source and filter, results are consistent regardless of the light
conditions under which the test 1s run.

The light source may be a laser diode. For example, an
InGaAIP red semiconductor laser diode emitting at 654 nm
may be used. The photodetector may be any device capable of
detecting the transmission of light that 1s emitted by the light
source. One type of photodetector 1s an optical integrated
circuit including a photodiode having a peak sensitivity at 700
nm, an amplifier and a voltage regulator. If the light source 1s
pulse modulated, the photodetector may include a filter to
remove the eflect of light that 1s not at the selected frequency.

EXAMPLES

Example 1

To compare a method of the invention with existing meth-
ods, an experiment was designed to assay HIV antibodies
using the present method as well as ELISA techniques
employing chemiluminescence, fluorescence and absor-
bance. Procedures and results are described below.

Reagents and equipment were obtained as follows. Rabbit
IgG, anti-rabbit IgG (horseradish peroxidase conjugated),
anti-rabbit IgG (alkaline phosphatase conjugated), anti-rabbit
IgG (gold conjugated), p-nitrophenylphosphate (pNPP), and
the silver enhancement kit were obtained from Sigma-Ald-
rich (St. Louis, Mo.). AttoPhos was purchased from Promega
Corp. (Milwaukee Wis.). SuperSignal ELISA Femto Max
was purchased from Pierce (Rockiord, I11.). BluePhos phos-
phatase substrate was purchased from KPL (Gaithersburg,
Md.). HIV Env antigen (gp41) was purchased from Research
Diagnostics (Flanders, N.J.). HIV positive serum and control
serum were purchased from Golden West Biologicals Inc.
(Temecula, Calit.).

Immunoassays 1 96-well microtiter plates were per-
formed using a Tecan Genesis liquid handling robot (Center
tor Genomics Research, Harvard University). The following
Nunc MaxiSorp polystyrene plates were used for the silver
reduction and ELISA assays: clear plates for silver reduction
and absorbance, black plates for tluorescence and white
plates for chemiluminescence. Rabbit IgG (70 ul for each
well) 1 ten-fold dilutions (10 ug/mlL to 100 ug/mlL, which
corresponded to 67 nM to 670 IM) was added to the microw-
ells, except for one row to which PBS was added as a negative
control; incubation time was 2 hours. Blocking butter (100 uL.
010.05% Tween-20 and 1% BSA 1n PBS) was then added, and
left to incubate for 30 minutes. For secondary antibodies,
dilutions (30 uL. of 0.05% Tween-20 1n PBS) of 1:300 anti-
rabbit IgG (gold-conjugated), 1:1000 anti-rabbit I1gG (alka-
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line phosphatase), and 1:1000 anti-rabbit IgG (horseradish
peroxidase) were used; incubation time was 1 hour. For
ELISA substrates, pNPP (100 ul; 3 minute incubation),
AttoPhos (100 uL, used within 1 week of opening; 10 minute
incubation), and SuperSignal Femto ELISA (100 uL; after 5
minutes) were used. For silver enhancement, the solutions of
silver and mnitiator (at 4° C.) were mixed in a 1:1 ratio imme-
diately before development; 1t was filtered through a 0.2 um
filter, and 100 uL. was added to each well. After a 20 minute
incubation, the silver enhancer solution was removed, and
cach well was washed with water. In general, warming the
silver enhancement solution from 4° C. to room temperature
increased the rate of silver deposition. In between the addition
of each new reagent, each well was washed three times with
PBS, with the following exception: deionized water was used
to wash the wells after incubation with anti-rabbit IgG (gold)
and before silver enhancement, in order to avoid precipitation
of AgCl. The plate readers used were Spectramax Plus 384 for
absorbance measurements, and Spectramax Gemim XS for
fluorescence and chemiluminescence measurements.

The output of the optical IC was light transmittance; appar-
ent absorbance values were calculated using the relation
A=-log(1/T,), where A 1s the absorbance, and T and T, are
the transmission of the light through the sample and refer-
ence, respectively, to the photodetector. Air was used as the
reference 1n the plate reader, and a blank polystyrene plate
was used as the reference for the portable detector.

The absorbance, fluorescence, and chemiluminescence
readings (y) were {it to sigmoidal curves using the software
Kaleidagraph and the following equation: y=Ax"/(B+x")+C,
where X 1s the concentration of the analyte, and A, B, C and n
are floating parameters. Results are 1llustrated in FIG. 7. This
equation describes a general sigmoidal curve with the lowest
possible number of floating parameters (four). Curve fitting to
all four titrations gave correlation coetlicients of over 0.99.
The readings vy for all four titrations were normalized to the
same scale (0 to 1) by linearly transforming each data set to
achieve the values of A=1 (asymptote as x approaches infin-
ity) and C=0 (y-intercept).

Limits of detection were calculated according to the
TUPAC definition: three times the standard deviation of the
blank sample (“noise’”) divided by the slope (*sensitivity”). In
samples with no rabbit IgG (1.€., negative controls), the meth-

ods that exhibited the least to most noise were (after normal-
ization of the signal from 0 to 1): 0.006 for absorbance of
pNPP, 0.014 for chemiluminescence of SuperSignal ELISA
Femto Max, 0.023 for silver (using the portable detector), and
0.066 for fluorescence of AttoPhos. The methods that showed
the highest to lowest sensitivities, which were measured as
slopes of the best-fit curves 1n the middle of the linear work-
ing range of detection (signal of 0.50), were (in normalized
units per 100 pM of analyte): 0.193 for chemiluminescence,
0.121 for fluorescence, 0.078 for silver, and 0.035 for absor-
bance.

To prepare immunoassay samples for analysis by AFM.,
holes (4 mm 1n diameter) were punched 1n a PDMS slab, and
the PDMS slab was placed onto a polystyrene surface. Immu-
noassays were carried out in idividual PDMS wells. After
silver development, the PDMS slab was removed, and the
samples on the flat polystyrene substrate were analyzed by
tapping mode AFM. AFM was performed with a Dimension
3100 Scanning Probe Microscope (Digital Instruments, Santa
Barbara, Calif.) in tapping mode, using silicon probes (Si
#MPP-111000; NanoDevices, Santa Barbara, Calif.) ata scan
rate of 0.35 Hz. AFM micrographs are provided in FIG. 8.
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Streaking was observed for samples with the largest silver
grains, which suggested that the silver grains were loosely
bound to the surface.

The microfluidic device was fabricated in PDMS using
published procedures 1n soit lithography. The dimensions of
the microchannels were 2 mm 1 width and 130 um 1n height.
The polystyrene surface was 1nitially patterned with a stripe
of HIV Env antigen (10 ng/mL) by filling a PDMS channel
(conformally sealed onto the polystyrene plate) with the anti-
gen solution. After an overmight incubation, the channel was
emptied, the PDMS slab removed from the polystyrene sur-
face, and the surface was rinsed with deionized water. The
stripe of antigen was covered with an unstructured slab of
PDMS, and the remaining surface of polystyrene was oxi-
dized with oxygen plasma. After removal of the plasma-
protective PDMS slab, another microfluidic channel (also
freshly plasma-oxidized) was sealed orthogonally to the anti-
gen stripe. The dimensions of these microchannels were 2
mm 1n width and 40 um 1n height; the width of the channel
must be large enough to register a signal with the portable
detector. To avoid sagging of the PDMS, pillars (which took
up 12% of the surface area) were included 1n the channel
design. The anti-HIV antibody assay was carried out in the
microtluidic channels with the following incubation times: 1
to 4 hours for blocking, 10 minutes for samples, 10 minutes
for gold-labeled anti-human IgG, and 13.5 minutes for silver
enhancement solution. After 6.5 minutes of silver enhance-
ment, the silver solution was exchanged with a freshly pre-
pared one. The PDMS microchannel was removed above the
initial stripe of antigen before measuring the optical density
of the silver film. The HIV assay in microwells were per-
formed with the following incubation times: overmight for
HIV Env antigen, 2 hours for blocking, 3 hours for samples,
1 hour for gold-labeled anti-human IgG, and 10 minutes for
silver enhancement solution.

For each concentration of rabbit IgG and each dilution of
human serum, triplicates of the immunoassay were per-
formed, and average values and standard deviations were
calculated.

The electronic circuit consisted of a transmitter section and
a receiver section. In the transmaitter section, a 1 kHz oscilla-
tor modulated the light output of a laser diode. A red semi-
conductor laser diode (Sharp GHO63510B2A; normally used
for optical data storage applications such as DVD) was used;
it emitted at a wavelength of 654 nm with a maximum power
of 10 mW. The laser output went through the sample to the
receiver section. An optical IC (Sharp 1S4535; normally used
in photocopy machines) was used to detect and amplity the
signal. IS4355 provided a linear output current with respect to
the mput 1lluminance (1 pA per lux). (The dimensions and
costs of the red laser diode and the optical IC were 5.6 mm and
$10, and 5.0 mm and $2, respectively.) The signal was then
filtered by a second-order bandpass filter centered at 1 kHz,
and 1ts amplitude registered by a peak detector. The output of
the peak detector was connected to an Analog/Digital con-
verter that also encoded the output into binary coded decimal
(Intersil ICL7106). The signal was displayed by a 3.5 digit
liquid crystal display, which provided an output readoutrange
from O to 1999. The entire circuitry was operated with either
a 9V battery or a single polarity 5 V source, which was
inverted with a CMOS voltage converter (Intersil ICL7660)
to create a £5 V supply. To reduce the noise in the system,
pulse modulation of the optical signal at 1 kHz was used to
filter the noise power 1n the frequency spectrum; as a result,
only the portion of the optical noise that fit in the pass band of
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the recerver filter contributed to the overall noise detected.
The system could also be used without the signal modulation
(1.e. at direct current)

The laser diode and optical IC were placed on two separate
circuit boards that were held at a fixed orientation to ensure
consistent alignment of the light path from the light source to
the photodetector. Between the light source and photodetec-
tor, a glass plate was placed. A black transparency, with a
pinhole aligned with the light path, was placed on the glass
plate to block the transmission of stray light that did not enter
the sample. To record a measurement, a polystyrene plate
(either a 96-well plate or a plate with a microfluidic device)
was placed onto the glass plate. The sample was aligned to the
light path by roughly placing the sample over the pinhole, and
finely adjusting the x and y position of the polystyrene plate
until a maximum transmittance was achieved. The reading
from the liquid crystal display was recorded.

To compare two detection methods independent of analyte,
microwells of a 96 well plate were subjected to readings by an
IC and by a commercial plate reader.

Absorbance of microwells containing different concentra-
tions of BluePhos, which absorbs maximally at 600 nm, was
measured by a UV-visible absorbance plate reader and the
optical IC described 1n this study. A direct ELISA was per-
formed on 0.67 pM to 0.67 nM of rabbit IgG as the analyte,
using an anti-rabbit IgG conjugated to alkaline phosphatase
and BluePhos as the phosphatase substrate. Results are pro-
vided mm FIG. 10 and FIG. 11. Measurements with both
devices were made at 654 nm. The best fit line by linear
regression 1s shown (correlation coetlicient 01 0.998, slope of
1.01, y-intercept of 0.08). Error bars are standard deviations
of measurements of three different microwells.

In this assay, 1n which the colorimetric product 1s a homo-
geneous solution in the microwell, the two detection methods
resulted 1n almost perfect agreement (correlation coetlicient
of 0.998). Thus, inhomogeneity of silver deposition on the
surface may have contributed to the imperfect agreement
between the two measurement methods, such that different
parts of the same well were sampled by the laser diode and by
the plate reader (correlation coetlicient of 0.996).

Example 2

A schematic representation of one embodiment and an
optical detection device 1s provided 1n FIG. 9a. (A) Red light
from the laser diode passes through the silver-coated microw-
ell containing the sample to the optical IC. A pinhole was used
to block stray light that did not pass through the sample. The
laser diode and the optical IC were driven by the same circuit,
which also had an integrated liquid crystal display that
showed the measured transmittance value.

Example 3

FIG. 10 provides a comparison of readings of an immu-
noassay using an optical IC and a UV-visible plate reader. An
immunoassay using silver reduction was performed on a
96-well plate that detected rabbit IgG. Optical micrographs of
the silver films on microwells are shown for each sample. The
apparent absorbance of each microwell was measured by an
optical IC, and compared to its reading by a UV-visible plate
reader; both measurements were made at 654 nm. The best-fit
line by linear regression has a correlation coetficient o1 0.989,
slope of 1.12, and y-intercept of 0.16.

While several embodiments of the present invention have
been described and illustrated herein, those of ordinary skaill
in the art will readily envision a variety of other means and/or
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structures for performing the functions and/or obtaining the
results and/or one or more of the advantages described herein,
and each of such variations and/or modifications 1s deemed to
be within the scope of the present invention. More generally,
those skilled 1n the art will readily appreciate that all param-
cters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual param-
cters, dimensions, materials, and/or configurations will
depend upon the specific application or applications for
which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equiva-
lents to the specific embodiments of the mnvention described
herein. It 1s, therefore, to be understood that the foregoing
embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents
thereto, the invention may be practiced otherwise than as
specifically described and claimed. The present invention 1s
directed to each individual feature, system, article, material,
kit, and/or method described herein. In addition, any combi-
nation of two or more such features, systems, articles, mate-
rials, kits, and/or methods, 11 such features, systems, articles,
materials, kits, and/or methods are not mutually inconsistent,
1s included within the scope of the present invention.

All definitions, as defined and used herein, should be
understood to control over dictionary definitions, definitions
in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

What 1s claimed 1s:

1. A method of determining a sample component compris-
ng:

passing a tluid sample over a region of a microfluidic

channel, the region comprising a maximum Cross-sec-
tional dimension of less than 1 mm;

allowing a sample component to bind with a binding part-

ner disposed on a surface of the region;

allowing a metal colloid to associate with the sample com-

ponent:

flowing a metal solution over the surface to form a metallic

layer;

determinming the formation of the metallic layer as a func-

tion of time; and

determiming the sample component based on the formation

of the metallic layer as a function of time.

2. The method of claim 1 wherein the metal colloid asso-
ciates with a bound sample component.

3. The method of claim 1 wherein the metal colloid com-
prises gold.

4. The method of claim 2 wherein the metal colloid com-
prises a gold-conjugated antibody.

5. The method of claim 1 wherein the metallic layer com-
prises silver.

6. The method of claim 1 wherein the metal solution 1s a
silver solution.

7. The method of claim 1 wherein the sample component 1s
one of an antigen and an antibody and the binding partner 1s
the other of the antigen and the antibody.

8. The method of claim 1 further comprising determining
the opacity of the metallic layer.

9. The method of claim 8 wherein determining comprises
irradiating the metallic layer with light and measuring light
transmittance.

10. The method of claim 9 wherein the light 1s measured at
the same wavelength at which 1t 1s transmitted.

11. The method of claim 1 further comprising measuring
the conductivity of the metallic layer.
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12. The method of claim 1 wherein the fluid 1s passed over
a plurality of surfaces.

13. The method of claim 12 wherein each of the plurality of
surfaces 1s associated with a different binding partner.

14. The method of claim 1 further comprising detecting the
concentration of metal 1n the metal solution after flowing the
metal solution over the surface.

15. The method of claim 1 wherein the sample comprises
whole blood.

16. The method of claim 1, wherein the region of the
microtluidic channel comprises at least one cross-sectional
dimension of less than 100 microns.

17. The method of claim 1, wherein the binding partner 1s
disposed across a width of the microfluidic channel.

18. The method of claim 1, wherein the metallic layer
extends across a width of the microfluidic channel.

19. The method of claim 1, wherein the metallic layer has
a horizontal dimension of greater than 100 microns.

20. The method of claim 1, wherein the metallic layer has
a thickness of greater than 10 nanometers.

21. The method of claim 1, wherein the binding and asso-
ciating steps are performed while a fluid 1s flowing continu-
ously 1n the microfluidic channel.

22. The method of claim 1, further comprising quantita-
tively determiming the opacity of the metallic layer.

23. The method of claim 1, wherein the metal colloid
associates with the sample component before the sample
component binds with the binding partner disposed on the
surface of the microfluidic channel.

24. The method of claim 1, wherein the metal colloid
associates with the sample component after the sample com-
ponent binds with the binding partner disposed on the surface
ol the microfluidic channel.

25. The method of claim 1, wherein the metallic layer has
a horizontal dimension of greater than 10 microns.

26. The method of claim 1, wherein the metallic layer 1s
continuous.
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277. The method of claim 1, wherein the metallic layer 1s
discontinuous.

28. The method of claim 26, wherein the metallic layeris a
web or honeycomb of material that includes passages that
allow light to be transmitted therethrough.

29. The method of claim 1, wherein the metallic layer 1s
completely opaque.

30. The method of claim 12, wherein the plurality of sur-
faces includes at least a first surface including a first binding
partner disposed across the first surface and a second surface
including a second binding partner disposed across the sec-
ond surface.

31. The method of claim 30, comprising flowing the metal
solution over the first and second surfaces to form a first
metallic layer at the first surface and a second metallic layer at
the second surface.

32. The method of claim 31, wherein each of the first and
second metallic layers has a horizontal dimension of greater
than 10 microns.

33. The method of claim 32, wherein the first and second
binding partners at the first and second surfaces, respectively,
are different from one another.

34. The method of claim 33, wherein each of the first and
second binding partners 1s disposed across a width of the
microfluidic channel.

35. The method of claim 9, wherein the metallic layer
allows transmittance of less than 50 percent of the light irra-
diating the metallic layer.

36. The method of claim 1, wherein each of the steps 1s
performed during continuous tlow of fluids 1n the microtlu-
1idic channel.

37. The method of claim 1, comprising applying a vacuum
to an outlet of the microfluidic channel to induce fluid flow.

38. The method of claim 6, wherein the silver solution
comprises silver nitrate.

G ex x = e
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